We have grown HgTe/CdTe superlattices by molecular beam epitaxy; barrier thicknesses were in the range from 15 to 91 A and the well thickness was maintained at a constant value of 30 A.
I. INTRODUCTION
More than ten years ago HgTe/CdTe superlattices were said to have interesting physical properties and possible advantages as material for infrared detector applications.
1 Since the first successful fabrication of these superlattices by Faurie et al, 2 one of the most stimulating questions concerning this material system is the magnitude of the valence band offset. Early experimental results and the "Common-Anion" rule suggested a small valence band offset (VBO) of around 40 meV 3,4 and later x-ray photoelectron spectroscopy (XPS) experimentss-7 revealed a large value for the VBO of around 350 meV. However, recent infrared (IR) magnetoabsorption measurements by Choi et al. 8 can only be consistently interpreted under the assumption of a small VBO of 40 meV. Although a large variety of experiments have been performed to study the electronic transport properties of this system, data on the photoluminescence of HgTe/CdTe superlattices are still rare and not too well understood. In this paper we compare the experimental results from IR photoluminescence and x-ray diffraction on HgTe/CdTe superlattices with theoretical calculations based on the envelope function approximation.
THEORY
The underlying framework for the theoretical band structure calculations employed is the transfer matrix method developed by This method is an implementation of the well known envelope function approximation. A full eight-band Hamiltonian was used, taking into account J = ±~ heavy hole (hh) band, the J = ±~ light hole (lh) band, the J = ±~ spin-orbit splitoff band, and the r 6 conduction band.
As input into the band-structure calculation, the well and barrier dimensions obtained by the x-ray diffraction rocking curve experiments were used. The temperature dependence is introduced in our calculation by taking into account the change of energy gap of HgCdTe with temperature. For the well (HgTe), the standard relationship as given by Hansen et al. 10 was used. As the barrier material is on the Cd-rich side, the relationship from Laurenti et al. 11 was used, which is more appropriate for Hgl_xCdxTe with higher x values. The value of the natural VBO between the HgTe and the H&l.3oCdo.7oTe barrier layers was used as a free parameter in the calculations. Over the last few years there has been considerable controversy as to the value of the VBO. Experiments have suggested either a small (40 meV) or a large (350 meV)3-7 offset. The influence of the VBO on the band structures was investigated by varying the VBO in the calculations, while holding the other parameters constant.
From the theoretical calculations the positions of the valence and conduction bands at the r point were obtained and are plotted in Fig. 1 superlattice with a 100 A well thickness. However, due to our small well thicknesses, a crossover of the conduction band with the topmost valence band is not observed, and no semimetallic regime is observed. The calculations also show that the effective mass parallel to the growth direction increases for the hh 1 valence band significantly with an increase of the VBO. As the Cd concentration in the barriers is also experimentally subject to some uncertainty, the influence of this quantity on the calculated band energies was also studied. The calculations show that the' Cd concentration in the barrier has a strong influence on the fundamental cl-hhl transition. In Fig. 2 the cl-hhl transition energy is plotted versus the barrier x value. Both VBO discussed here are included. This plot demonstrates that if there is an uncertainty in the barrier x value of ± 5%, a variation in the calculated energy gap of approximately 20 meV is introduced. This amount of variation is comparable with the differences in the band gaps calculated using small and large valence band offsets. Thus if one is going to try to estimate the offset in this system very careful attention must be paid to the determination of the barrier x values.
EXPERIMENTAL DETAILS
Epitaxial growth was carried out in a four chamber RIBER 2300 molecular beam epitaxial (MBE) system which has been modified to permit the growth of Hg based materials. The vacuum in the growth chamber is better than 6 X 10 -10 Torr when no Hg has recently been admitted. Three MBE cells were employed, two of which were commercial cells and which contained high purity CdTe HgTejCdTe-Superlattice and Te. The third cell is a self designed and constructed stainless-steel cell for Hg which can be refilled without breaking the vacuum. The flux of the latter cell is stable to within ± 1.5% and ± 3% over a period of 2 and 30 h, respectively. The CdTe-HgTe superlattices were grown on (110) CdZnTe substrates which had been chemomechanically polished for several minutes, degreased, etched in a weak solution of bromine in methanol, and rinsed in methanol. Immediately prior to loading the substrates into the MBE system, they were rinsed in de-ionized water, briefly dipped in hydrochloric acid, and then rinsed in de-ionized water so as to remove all of the original oxicfe and carbon from the substrate surface. This is accomplished by heating the substrates at temperatures up to about 350·C while being monitored by reflection high energy electron diffraction (RHEED) as described elsewhereY The infrared photoluminescence was measured with a commercial Fourier transform infrared (FTIR) spectrometer, which has been extended to enable the collection -of luminescence light. A KBr beamsplitter was used along with a CMT detector cooled to 77 K. A Nd:Y AG laser was employed as the excitation source. To separate the photoluminescence light from the background radiation, a double modulation technique was used with phase sensitive detection. The lower detection limit of 100 meV was imposed by the cutoff energy of the mercury cadmium telluride detector. The samples were mounted in a helium gasexchange cryostat equipped with ZnSe windows and cooled to temperatures ranging from 4:2 to 300 K.
To accurately determine the well thickness, superlattice period, and variations in these values, a high resolution five-crystal x-ray diffractometer was employed. From the measured symmetric (002) Bragg reflections the average superl~ttice period (~), the mean value for the well thickness (d Layer ), and its deviation, were evaluated. The (004) reflection was measured to determine variations in the average superlattice period.
In this compound semiconductor material system the (002) Bragg reflection shows a rather high reflectivity, in contrast to many other zinc-blende materials. This is due to the sizeable (002) structure factor of the HgTe layers. Therefore, the envelope of the (002) SL satellites represents simply the single-slit function corresponding to the HgTe layers in the superlattice structure. The angular difference between the first-order zero points of this envelope ( oWzp) can then be used to calculate the thickness of the HgTe layers very accurately. The angular difference of the SL satellites (awp) represents the average superlattice period. From the broadening of the satellites with increasing order number (ows at ), the deviation of the HgTe layer thicknesses can be obtained.
The following equations 14
( 1 ) 
have been employed to obtain these values, where () B is the Bragg angle of the substrate, and limp the angular difference between the SL satellites. rH is kHx n, where k is the unity wave vector of the scattered beam and n is the normal unit vector to the surface. In Fig. 3 is displayed the rocking curve of the (002) reflection of a HgTe/CdTe superlattice. The appearance of seven orders of satellites from this structure attests to the high structural quality of the superlattices that have been investigated. The almost complete suppression of the ±4 satellites in this spectrum allows for an accurate determination of the HgTe layer thickness in this structure, as described above.
While the superlattice period and the well thickness can be determined rather accurately using x-ray diffraction methods, the Cd concentration in the barriers is subject to some uncertainty. The x value was not determined for each sa~ple individually but was estimated by carefully comparmg numerous control samples which have been grown under the same conditions as the barriers during superlattice growth. The x value of these control samples was determined using room temperature transmission and x-ray photoelectron spectroscopy. In this way, the cadmium concentration in the barrier was determined to be 70%.
IV. RESULTS AND DISCUSSION

Typical
FTIR luminescence spectra of a HgTeIH&.30Cdo.70Te superlattice at temperatures of 4.2 and 300 K is shown in Fig. 4 . The spectrum at 4.2 K consists of one nearly symmetric line, its peak occurring at an energy of 181 meV. The full width at half maximum (FWHM) of this low temperature line is 32 meV, again indicating the high quality of the superlattices that were investigated.
Interpretation of the low temperature photoluminescence is not a straightforward problem. Earlier work has assigned the observed luminescence transition to a band- band recombination for the whole range of temperatures studied. IS After careful consideration of data available in the literature and a comparison of the IR photoluminescence spectra with transmission data we have concluded that at low temperatures the observed recombination is most likely through a bound state. This assignment is consistent with previous work on bulk HgCdTe alloys, where low temperature recombination is assigned to donor-acceptor and other bound recombination mechanisms. 16,17 Thus at low temperatures the high energy side of the luminescence peak was assigned to the band gap of the superlattice and at room temperature, where band-to-band recombination is most likely, the low energy side of the luminescence peak was assigned to the band gap.
Knowing the barrier and well thicknesses as well as the band gap (as determined by the IR photoluminescence measurements) we are able to plot the variation of the superlattice band gap versus barrier thickness. The result is shown in Fig. 5 where the band gap for a series of HgTeIH&.30Cdo.70Te superlattices as a function of barrier thickness is shown. In this series the well thickness is held at a constant value of 30 A. Both room temperature and low temperature data are shown in this figure. For comparison, theoretically calculated band gaps using offsets of 40 and 350 meV are included. One can see that at both room temperature and at low temperature a much better agreement between theory and experiment is obtained assuming a large valence band offset.
The fit of the data to the theoretically calculated values is quite good for barrier thicknesses greater than 20 A, while for the sample with the narrowest barrier a large discrepancy appears. We believe that an uncertainty in the geometrical structure of the superlattices can be excluded by the x-ray diffraction (XRD) measurements and therefore cannot be used to account for the observed shift of photoluminescence energy. However, it was shown above that the barrier x value, which is deduced from control samples grown under nominal iqentical growth conditions, HgTejCdTe-Superlattice also has a large influence on the effective band gap (see Fig. 1 ). The shift toward higher energy for the superlattice with the extremely thin barrier could indicate that the barrier x value may be larger, due to flux bursts, if the CdTe shutter is opened for only very short periods (in the case of the superlattice with 15 A barrier -12 s). A second possible reason could be interface roughness. If each interface of the barriers has one to two monolayers of roughness, it would mean a total of two to four monolayers of thickness variation in a barrier which is only five monolayers thick. In such a case, it would not be surprising to see strong deviations from theoretically calculated values.
V. CONCLUSION
In conclusion, we report on the growth and characterization of HgTe/CdTe superlattices with well widths of 30 A and various different barrier thicknesses. FTIR photoluminescence experiments have been completed in order to determine the superlattice band gap. High resolution x-ray diffraction techniques have been employed to determine the actual dimensions of both the superlattice period and the HgTe layer thicknesses. The experimentally determined band gap data have been compared with the results obtained from theoretical calculations based on the envelope function approximation. We have shown that there is a much better agreement with the theoretically calculated band gaps and those experimentally measured under the assumption of a large (350 meV) valence band offset .
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